Activation of p53-dependent apoptosis is critical for tumor suppression but aberrant activation of p53 also leads to developmental defects and heart failure. Here, we found that Rbm24 RNA-binding protein, a target of p53, regulates p53 mRNA translation. Mechanistically, we found that through binding to p53 mRNA and interaction with translation initiation factor eIF4E, Rbm24 prevents eIF4E from binding to p53 mRNA and inhibits the assembly of translation initiation complex. Importantly, we showed that mice deficient in Rbm24 die in utero due to the endocardial cushion defect in the heart at least in part due to aberrant activation of p53-dependent apoptosis. We also showed that the heart developmental defect in Rbm24-null mice can be partially rescued by p53 deficiency through decreased apoptosis in the heart. Together, we postulate that the p53-Rbm24 loop is critical for the heart development and may be explored for mitigating congenital heart diseases and heart failure.
Introduction
Tumor suppressor p53, when activated in response to stress signals, exerts its pro-survival and antigrowth activities by inducing cell cycle arrest, cellular senescence and apoptosis [1, 2] . A fine balance of these p53 activities is necessary for development and thus, aberrant activation of p53 can lead to embryonic lethality or increased risk of congenital malformations [3] . Indeed, several studies showed that inappropriate p53 activation induces CHARGE-like phenotypes and other developmental abnormalities via increased cellcycle arrest and/or apoptosis [4] [5] [6] .
Rbm24 and Rbm38 share a high degree of homology, especially in the RNA-Recognition Motif (RRM), and thus constitute a family of RRM-containing RNA-binding proteins [7] . Both Rbm24 and Rbm38 are targets of the p53 family [7, 8] and bind to AU/U-rich elements in target mRNAs, and regulate gene expression via mRNA stability, including p21 and p63 [7] [8] [9] [10] . In addition, Rbm38 in turn regulates p53 expression through mRNA translation [11] . Interestingly, mice deficient in Rbm38 are prone to premature aging and spontaneous tumors [12] .
Rbm24 is found to be preferentially expressed in cardiac and skeletal muscle tissues and required for sarcomere assembly and heart contractility [13, 14] . During the preparation of this manuscript, a study showed that loss of Rbm24 leads to embryonic lethality due to aberrant alternative splicing of key genes necessary for sarcomere formation and cardiogenesis, such as Naca and Fxr1 [14] . Therefore, we examined whether as a target of p53, Rbm24 may in turn regulate p53 expression and whether p53 plays a role in Rbm24-dependent heart development. Here, we found that Rbm24 is necessary for proper p53 expression via mRNA translation. We also found that mice deficient in Rbm24 die in utero due to failed endocardial cushion morphogenesis and increased p53-dependent apoptosis in cardiac myocytes. Interestingly, the developmental defect in Rbm24-null mice can be partially rescued by p53 deficiency, suggesting that aberrant activation of p53 contributes to the phenotypes in Rbm24-null embryos. Together, our results suggest that the Rbm24-p53 loop plays a critical role in heart development. Fig. 1 Knockdown or knockout of Rbm24 increases, whereas ectopic expression of Rbm24 decreases, the level of p53 protein. a-c The levels of Rbm24, p53, and actin proteins were measured in MCF7 (a), HCT116 (b), and RKO (c) cells transduced with a lentiviral vector expressing a control luciferase shRNA (sh-luc) or a Rbm24 shRNA (sh-Rbm24#1 or #2) for 72 h. d The levels of Rbm24, p53, and actin were determined in MCF7 cells transiently transfected with scramble siRNA or Rbm24 siRNA for 72 h. e The levels of Rbm24, p53, and actin were determined in isogenic control and Rbm24-KO HCT116 cells. f The experiments were performed as in (e) except that isogenic control and Rbm24-KO MCF7 cells were used. g The levels of Rbm24, p53, and actin were determined in wild-type and Rbm38
−/−
MEFs transiently transfected with scramble siRNA or Rbm24 siRNA for 72 h. h-i The levels of Rbm24, p53, and actin were determined in MCF7 (h) and HCT116 (i) cells uninduced (−) or induced (+) to express Rbm24 for 48 h
Results

P53 expression is regulated by Rbm24 via mRNA translation
Previously, we showed that Rbm24 is regulated by p53 and in turn regulates p21 and p63 expression via mRNA stability [7, 9] . As a homolog of Rbm38 and a target of the p53 family, it is likely that Rbm24 may also regulate p53 expression. To test this, the level of p53 protein was determined in MCF7, HCT116, and RKO cells in which Rbm24 was knocked down by two separate short hairpin RNA (shRNAs) targeting Rbm24 (Figs. 1a-c) . We found that upon knockdown of Rbm24, the level of p53 protein was markedly increased (Figs. 1a-c) . To confirm this, Rbm24 was knocked down by a small interfering RNA (siRNA) targeting Rbm24 in MCF7 cells. Similarly, the level of p53 was markedly increased upon knockdown of Rbm24 (Fig. 1d) . Furthermore, we generated multiple Rbm24 knockout HCT116 and MCF7 cell lines by CRISPR-cas9 and found that the level of p53 protein was much higher in Rbm24-KO cells than that in isogenic control cells (Figs. 1e, f) . Since Rbm38 is known to regulate p53 expression, we examined whether the effect of Rbm24 on p53 expression is dependent on Rbm38. We found that, upon knockdown of Rbm24, the level of p53 protein was increased in both wild-type and Rbm38 −/− MEFs (Fig. 1g ),
suggesting that Rbm24 regulates p53 expression independent of Rbm38. Conversely, we found that upon ectopic expression of Rbm24 in MCF7 and HCT116 cells, p53 expression was decreased (Figs. 1h, i) .
Previously, we found that wild-type Rbm38 and nonphosphorylatable S195A decrease, whereas phosphormimetic S195D increases p53 mRNA translation [11] . Since S195 in Rbm38 is conserved as S181 in Rbm24 ( Supplementary Fig. S1A ), we generated Rbm24-S181D and Rbm24-S181A and then examined whether nonphosphorylatable S181A and phosphor-mimetic S181D have a differential effect on p53 expression. We showed that, like wild-type Rbm24, S181A suppressed p53 expression in both HCT116 and MCF7 cells (Supplementary Fig. S1B ). In contrast, S181D increased p53 expression ( Supplementary Fig. S1B ). These data suggest that, like Rbm38, phosphorylation of S181 would convert Rbm24 from a repressor to an activator of p53 expression if phosphorylated.
Rbm38 is known to repress p53 expression via mRNA translation. To examine whether p53 mRNA translation is regulated by Rbm24, the level of newly synthesized p53 protein was measured in 35 S-labeled HCT116 cells. We showed that the level of newly synthesized p53 protein was decreased by ectopic expression of Rbm24 in HCT116 cells (Fig. 2a) . Conversely, we found that the level of newly synthesized p53 protein was highly increased by knockdown of Rbm24 in HCT116 cells (2.9-fold; Fig. 2b ) or by knockout of Rbm24 in MCF7 cells (4.2-fold; Fig. 2c ). In contrast, the level of p53 transcript was not significantly altered in HCT116 cells in which Rbm24 was knocked down (Fig. 2d) .
To confirm the translational repression of p53 by Rbm24, sucrose gradient sedimentation assay was performed to examine the association of polysomes with p53 mRNA in S-labeled for 15 min, followed by immunoprecipitation with anti-p53. d The levels of Rbm24, p53, and actin transcripts were measured in HCT116 transduced with a lentiviral expressing a control luciferase shRNA (shluc) or Rbm24 shRNA (sh-Rbm24) for 72 h HCT116 cells with or without Rbm24 expression. We showed that the extent of heavy polysomes associated with p53 mRNA, but not with actin mRNA, was significantly decreased upon ectopic expression of Rbm24 (Supplementary Fig. S2 ).
As a RNA-binding protein, Rbm24 may regulate p53 expression by binding to p53 transcript. To test this, RNA immunoprecipitation assay followed by RT-PCR (RNAChIP) was performed using extracts from MCF7 cells (Fig. 3a, right panel) as well as from HCT116 cells that P-labeled probe A or B was used. f Competition assay was performed by adding an excess amount (50-fold) of unlabeled p21 3′UTR to the reaction mix prior to incubation with the 32 P-labeled probe B. g REMSA was performed as in (c) except that probe B, B1, or B2 was used. h-k p53 3′UTR is sufficient for Rbm24 to regulate p53 expression. The levels of p53, Rbm24, and actin were measured in H1299 cells, which were co-transfected with a vector expressing Rbm24 along with a vector that contains the p53 coding region (ORF) alone (h), p53 ORF plus p53 5′ UTR (i), p53 ORF plus p53 3′ UTR (j), or p53 ORF plus p53 5′ and 3′ UTRs (k). The relative fold change for p53 protein was shown below each lane were induced to express Rbm24 (Fig. 3a , left panel). We found that p53 mRNA was detectable in Rbm24 but not control IgG immunocomplexes (Fig. 3a) . As a control, actin transcript was not detected in anti-Rbm24 or IgG immunocomplexes (Fig. 3a) .
To delineate Rbm24-binding site(s) in p53 transcript, RNA electrophoretic mobility assay (REMSA) was performed with radiolabeled probes derived from p53 5′ and 3′ UTRs (Fig. 3b) . We found that recombinant GST-tagged Rbm24 but not GST alone was able to form a complex with 3′UTR but not 5′UTR probe (Figs. 3c, d ). The specificity of the binding of Rbm24 to p53 3′UTR was confirmed by a competition assay in which unlabeled p21 3′UTR cold probe was added to the reaction mixture (Fig. 3d , compare lane 1 with 3). The p21 probe is derived from p21 3′UTR and known to bind to RBM24 [7] . To further delineate the Rbm24-binding region(s) within p53 3′UTR, two subfragments within 3′UTR (A and B) were made for REMSA (Fig. 3b) . We found that Rbm24 showed a strong binding to probe B, which contains poly(U) and AU-rich (ARE) elements (Fig. 3b ), but not to probe A (Fig. 3e) . Similarly, the binding of Rbm24 to B probe was abrogated by cold p21 probe (Fig. 3f ). In addition, to define whether Poly(U) and ARE elements are necessary for Rbm24 to recognize p53 3′UTR, we generated probe B1, which lacks Poly(U) element, and probe B2, which lacks ARE element (Fig. 3b) . We found that Rbm24 was able to bind to probe B2 but not to probe B1 (Fig. 3g ), suggesting that, like Rbm38, Rbm24 recognizes p53 3′UTR via the poly(U) element (Fig. 3b) .
To explore whether p53 5′ and 3′UTRs are responsible for Rbm24 to regulate p53, four reporter vectors that contain the p53-coding region (ORF) alone or in combination with p53 5′UTR, 3′UTR, or both [11] were used. We showed that Rbm24 inhibited ectopic p53 expression in a dose-dependent manner as long as the p53 expression vector carries p53 3′UTR (Figs. 3h-k).
To identify the Rbm24-binding site in p53 3′UTR, we generated three green fluorescent protein (GFP) reporters that carry GFP open reading frame only, GFP plus p53 3′UTR, or GFP plus p53 3′UTR without the poly(U) element ( Supplementary Fig. S3A ). We showed that in Rbm24 −/− HCT116 cells, GFP expression was inhibited by ectopic expression of Rbm24 from a reporter that carries p53 3′UTR but not the one that carries GFP only or GFP plus poly(U)-deleted p53 3′UTR ( Supplementary Fig. S3B ). Rbm24 interacts with and then prevents eIF4E from binding p53 mRNA. a HCT116 cells were uninduced or induced to express HA-tagged Rbm24 for 48 h, followed by immunoprecipitation with control IgG, anti-eIF4E, or anti-HA that recognizes HA-Rbm24. Total RNAs were purified from immunocomplexes and subjected to RT-PCR to measure the levels of p53 and actin mRNAs. The relative fold change in the levels of p53 mRNA was shown below lanes 5-6. b Lysates pretreated with RNase A were immunoprecipitated with control IgG or anti-Rbm24. The levels of eIF4E and Rbm24 in Rbm24-containing immunocomplexes were examined by western blot analysis with anti-eIF4E and anti-Rbm24, respectively. c The experiment was performed as in (b) except that anti-eIF4E was used for immunoprecipitation. d Lysates were purified from HCT116 cells, which were transfected with a vector expressing HA-tagged Rbm24 or Rbm24(Δ175-199). The lysates were then pretreated with RNase A and immunoprecipitated with control IgG or anti-HA (Rbm24). The immunocomplexes were examined by western blot analysis with antibodies against HA (Rbm24) or eIF4E. e GST pull-down assays were performed by mixing GST, GST-Rbm24, or GST-Rbm24 (Δ175-199) with recombinant His-tagged eIF4E. f The levels of p53, Rbm24, and actin were measured in H1299 cells, which were cotransfected with a vector expressing Rbm24 and a vector that carries the p53-coding region plus its 5′ and 3′UTRs. The fold change in the levels of p53 protein was shown below the p53 panel. g The experiment was performed as in (f) except that a vector expressing Rbm24 (Δ175-199) was used
This suggests that poly(U) element is required for Rbm24 binding to p53 mRNA. Since p53 5′UTR contains an Internal Ribosome Entry Site (IRES) [15, 16] , we examined whether Rbm24 plays a role in p53 translation via p53 IRES. To test this, a bicistronic reporter in that Renilla luciferase is under the control of a CMV promoter and Firefly luciferase can only be translated from p53 IRES was generated ( Supplementary  Fig. S3C ) and then co-transfected with Rbm24 into Rbm24 −/− HCT116 cells. We showed that the Firefly luciferase activity was not significantly altered by Rbm24 ( Supplementary Fig. S3D ), suggesting that p53 IRES does not play a major role in Rbm24-mediated regulation of p53 translation. Rbm38 physically interacts with cap-binding protein eIF4E on p53 transcript, which effectively sequesters eIF4E from binding p53 5′-cap and, thus, represses p53 mRNA translation [11] . To test whether Rbm24 regulates p53 mRNA translation through such a mechanism, RNA-ChIP assay was performed and showed that the level of p53 transcript was highly enriched in Rbm24-containing immunoprecipitates (Fig. 4a , compare lanes 7-8), consistent with the above study (Fig. 3a) . Interestingly, upon expression of Rbm24, the level of eIF4E associated with p53 transcript, but not with actin transcript, was markedly decreased (0.2-fold; Fig. 4a , compare lanes 5-6). To determine whether an interaction between Rbm24 and eIF4E is needed to suppress the binding of eIF4E to p53 transcript, IP-WB was performed and showed that eIF4E was detected in anti-Rbm24 immunocomplexes (Fig. 4b) . Conversely, we found that Rbm24 was detected in antieIF4E immunocomplexes (Fig. 4c) .
Previously, we showed that the region from amino acids 189-204 in Rbm38 is necessary for interacting with eIF4E. Thus, we examined whether the region from aa 175-199 in Rbm24, which shares high similarity with the eIF4E-binding site (aa189-204) in Rbm38, is also necessary for interacting with eIF4E. We found that eIF4E formed a complex with wild-type Rbm24 but not mutant Rbm24 (Δ175-199; Fig. 4d ). To confirm this, GST-pull down assay was performed and showed that His-tagged eIF4E physically interacted with GST-tagged Rbm24, but not with GST-tagged Rbm24 (Δ175-199; Fig. 4e) .
Next, we examined whether the interaction between Rbm24 and eIF4E is required for regulating p53 mRNA translation. To test this, p53 expression was measured in H1299 cells, which were transfected with either wild-type Rbm24 or Rbm24 (Δ175-199) along with a p53 expression vector that contains p53 5′-and 3′UTRs. Consistent with the study above (Fig. 3k) , p53 expression was inhibited by Rbm24 (Fig. 4f) . In contrast, Rbm24 (Δ175-199) had no effect on p53 expression (Fig. 4g) . Thus, we conclude that Rbm24 prevents eIF4E from binding to p53 5′-cap via physical interaction and subsequently suppresses p53 mRNA translation.
Rbm24 deficiency leads to endocardial cushion defects in developing embryos, which can be partially rescued by deletion of p53
To determine the biological function of Rbm24, we generate Rbm24 fl/fl mice, which were then crossed with cre transgenic mice (EIIa-cre) to produce Rbm24-deficient mice (supplementary Figs. S4A-B) . We found that Rbm24 heterozygous mice developed normally with no gross abnormalities and were fertile. However, no newborn or weaned pups were found with Rbm24 −/− genotype from 12 litters and 128 mice (supplementary Table S1 ). These results are consistent with a previous report [14] that Rbm24 is required for embryonic development. We also found that mice deficient in Rbm24 were grossly normal at E10.5-11.5, but died with growth retardation at E12.5-13.5 and resorption at E14.5 (Figs. 5a, b, Supplemental Fig. S5 , and Table S1 ). To determine the effect of the null mutation on embryogenesis, histological examination was performed on WT and Rbm24-null littermate embryos at E10.5 and E11.5 (n = 4/time point). We found that all Rbm24-null embryos at E10.5 and E11.5 had substantially fewer cells in the atrioventricular cushions compared to WT littermates (Figs. 5a, b) . As a result, the atrioventricular endocardial cushions were thinner, and the fusion of the superior and inferior endocardial cushions was inadequate or abnormal, indicating that the endocardial cushion defect leads to defective AV septation and valve development (Figs. 5a, b) . E11.5 Rbm24-null embryos also exhibited reduced trabeculation (Figs. 5a, b) . Programmed cardiac cell death plays a role in the progression of heart failure, including endocardial cushion defect [17] [18] [19] [20] . Since p53 is recognized as a major regulator of cardiac apoptosis [4, 21, 22] , we examined whether accumulation of p53 by lack of Rbm24 leads to aberrant induction of apoptosis and subsequently endocardial cushion defects. To test this, TUNEL assay was performed with E10.5 or E11.5 embryos. A few rare apoptotic cells appeared in the normal WT embryonic heart (Figs. 5c, d) , which is consistent with previous reports [23, 24] . In contrast, the number of apoptotic cells in Rbm24 −/− embryonic heart tissues were significantly higher than that in normal WT embryos (Figs. 5c, d) . Consistent with the increased apoptosis, the levels of the p53 protein along with Puma, a p53 target, and a key mediator of p53-dependent apoptosis [25] [26] [27] were much higher in Rbm24 −/− E11.5 embryo than in WT littermate embryo (Fig. 5e ). In line with this, we found that the levels of p53 and Puma were increased in Rbm24 −/− cells compare to that in isogenic control HCT116 cells ( Fig. 5f and Supplemental Fig. S7A ). In addition, we found that Puma was not increased in Rbm24 −/− ; p53 −/− HCT116 cells ( Supplementary Fig. S7A ), suggesting that increased expression of p53 by loss of Rbm24 is primarily responsible for increased expression of Puma. Consistently with these observations, colony formation assay showed that Rbm24 deficiency decreased the number To confirm the role of p53 in the heart development, we tested whether ablation of the p53 gene can rescue the embryonic lethality in Rbm24 −/− mice. By intercrossing Rbm24 +/− ; p53 +/− mice, multiple embryos were isolated at E11.5-18.5 ( Fig. 6a; Supplementary Figs. S6A-C) . We found that unlike Rbm24 −/− embryos, many Rbm24 −/− ; p53 +/− and Rbm24 −/− ; p53 −/− embryos were viable, some of which exhibited no obvious defect ( Fig. 6a ; Supplementary  Figs . S6A-C). Histological examination was performed and showed that p53 heterozygosity was sufficient to eliminate the endocardial cushion defects by loss of Rbm24 −/− in E10.5, E11.5, and E14.5 Rbm24 −/− ; p53 +/− embryos (Figs. 6a-c). We also found that the level of apoptosis increased by loss of Rbm24 was markedly reduced in Rbm24 −/− ; p53 +/− E11.5 embryos (Fig. 6d) . Nevertheless, we would like to note that this rescue was partial since Rbm24 −/− ; p53 +/− embryos still exhibited developmental retardation at E18.5 ( Supplementary Fig. S6B ).
Discussion
Here, we found that overexpression of Rbm24 inhibits, whereas knockdown of Rbm24 increases, p53 mRNA translation. Thus, the mutual regulation of p53 and Rbm24 represents a novel feedback loop. We also found that mice deficient in Rbm24 die in utero due to developmental defects in the heart, which can be partially rescued by p53 deficiency. These results suggest that the p53-Rbm24 loop plays a critical role in embryonic development. During the preparation of this study, Yang et al. reported that mice deficient in Rbm24 display heart developmental failure, resulting in embryonic lethality [14] , which is consistent with the finding in this study. Rbm24 is highly expressed in the heart and skeletal muscle [13, 14] and loss of Rbm24 leads to defective endocardial cushion development and subsequently ventricular septal defects (Fig. 5 ) [14] . As the endocardial cushion is the endocardiumderived structures that build the heart septa and valves [28] , endocardial cushion defects would lead to congestive cardiac failure and embryonic lethality.
Studies in human patients and animal models provide compelling evidence that both increased and decreased apoptosis in myocytes would lead to severe congenital heart defects, dilated cardiomyopathy in response to pressure overload, and ischemic heart disease [17, [19] [20] [21] [29] [30] [31] [32] [33] . In addition, p53-dependent apoptosis in myocytes is considered as a prevailing cause for cardiac dysfunction or remodeling [22, [34] [35] [36] . Moreover, attenuation of p53-mediated apoptosis can restore cardiac function in DiGeorge syndrome and myocardial infarction [21, 35, 37] . Here, we showed that like its homolog Rbm38, Rbm24 has emerged as a key molecule to control p53 activity, especially in the heart. We found that loss of Rbm24 stabilizes p53, which induces apoptosis in the heart and subsequently endocardial cushion developmental defect. We also found that embryonic lethality in Rbm24-null mice can be partially rescued by loss of p53. Most importantly, Rbm24 -/-; p53
and Rbm24
-/-; p53 -/-mice display near-normal development of the endocardial cushion along with reduced apoptosis as compared to Rbm24 -/-mice. Consistently, PUMA, a target of p53 and an effecter of p53-dependent apoptosis, is induced in Rbm24 -/-but not WT mouse embryos. Since PUMA is known to play a role in cardiomyocyte apoptosis [38] [39] [40] [41] [42] , we postulate that aberrant activation of p53-dependent apoptosis accounts for heart developmental defects in Rbm24 -/-mice.
p53-dependent myocyte apoptosis is a hallmark in the progression of adult heart failure, including dilated cardiomyopathy in response to pressure overload and ischemic heart disease [21, 29, 32, 33] . Here, we showed that the p53-Rbm24 loop plays a role in heart failure. Thus, our study suggests that the p53-Rbm24 loop can be explored to mitigate congenital heart defects and the heart failure in response to chronic pressure overload.
Experimental procedures
Reagents Anti-eIF4E, anti-p53, anti-GST, and anti-histidine were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-HA was purchased from Covance (San Diego, CA). Anti-actin, proteinase inhibitor cocktail, RNaseA, and protein A/G beads were purchased from Sigma (St. Louis, MO). Anti-Puma was purchased from ProScience (Sapphire Bioscience, Redfern, NSW, Australia). Anti-Rbm24 antibody was made as previously described [7] . The Iscript cDNA synthesis kit was purchased from Bio-Rad Laboratories (Irvine, CA). 35 S-methionine/cysteine and α-32 P-UTP were purchased from PerkinElmer (Waltham, MA). The Ni-NTA agarose beads were purchased from Biontex (Germany). The glutathione sepharose beads were purchased from Macherey-Nagel (Germany). In Situ Direct DNA fragmentation (TUNEL) assay kit was purchased from Roche (Indianapolis, IN).
Plasmids pcDNA3 or pcDNA4 vector expressing Rbm24 or HAtagged Rbm24 was used as previously described [7] . pcDNA3 vectors expressing Rbm24-S181A or -S181D were generated by two-step PCR reactions (Supplemental Fig. 1A) . The primers were listed in Supplementary  Table S2 . Vectors expressing the p53-coding region (ORF) alone, p53 ORF plus p53 5′UTR, p53 ORF plus p53 3′UTR, or p53 ORF plus p53 5′ and 3′UTRs, were used as previously described [11] . GFP reporters that carry GFPcoding region alone, GFP plus p53 3′UTR, or GFP plus p53 3′UTR with deletion of the poly (U)-rich region were used as previously described [43] . GST-tagged Rbm24 expression vector was used as previously described [7] . Histagged eIF4E expression vector was used as previously described [11] . The pGL3 reporter that carries dual luciferases (Renilla Luc and Firefly Luc) and p53 5′UTR was generated using PCR. The primers for generating p53 5′ UTR are forward primer 5′-GGATCCTAATACGACTC ACTATAGGGAGGGAGCCTCGCAGGGGTTGAT-3′, and reverse primer, 5′-GGCAGTGACCCGGAAGGCA-3′.
RNA isolation and RT-PCR
Total RNA was isolated with Trizol reagent. RT-PCR was performed with the Iscript cDNA synthesis kit (Bio-Rad Laboratories) according to the manufacturer's instructions. The primers used to amplify actin were forward primer 5′-CTGAAGTACCCCATCGAGCACGGCA-3′ and reverse primer 5′-GGATAGCACAGCCTGGATAGCAACG-3′. The primers used to amplify p53 were forward primer 5′-GACCGGCGCACAGAGGAAGAGAATC-3′ and reverse primer 5′-GAGTTTTTTATGGCGGGAGGTAGAC-3′. The primers used to amplify Rbm24 were forward primer 5′-AGCCTGCGCAAGTACTTCG-3′ and reverse primer 5′-CAGGCCCTTTCGGCAGCAG-3′.
GST-pull down assay
Recombinant His-tagged and GST-tagged proteins were expressed in bacteria BL21 and purified by using Ni-NTA and glutathione sepharose beads, respectively. For GST-pull down assay, 500 ng of recombinant His-tagged proteins and 500 ng of recombinant GST-tagged proteins were incubated in E1A binding buffer (50 mM HEPES, pH 7.6, 50 mM NaCl, 5 mM EDTA, 0.1% Nonidet P-40, and 10% glycerol) for 1 h at 4°C, followed by precipitation with glutathionesepharose beads. After three washes, beads were resuspended in 2× SDS loading buffer and subjected to western blot analysis.
Rbm24-deficient and p53-deficient mice and primary MEFs
Conditional Rbm24 knockout mice were generated by UC Davis Mouse Biology Program. Specifically, loxP sites were inserted in the Rbm24 gene ( Supplementary Fig. S1A ). The resulting allele contains two loxP sites flanking exon 1 and exon 2. Mice with targeted allele were then bred with a cre deleter strain (Jackson Laboratories, stock no. 003314) expressing cre recombinase to delete exons 1-2. Mice were genotyped ( Supplementary Fig. S1B ) by PCR using primers as indicated in Supplementary Fig. S1A . For wild-type mice, a 245-bp fragment was detected using forward primer P1 (5′-CTAAGCAGAAGGGACGGTTC-3′) and reverse primer P2 (5′-GTGGGAGCCTTTGCACTC-3′). For Rbm24 knockout mice, a 350-bp fragment was detected using forward primer P3 (5′-CTAGCTGTGAGCCATT AAAGC-3′) and reverse primer P4 (5′-CTTCCTA TGTGGCTGCTAGTAC-3′).
p53 +/− mice (on C57BL/6 background) were purchased from the Jackson Laboratory. Rbm24 +/− mice were crossed with p53 +/− mice to generate double heterozygous mice.
The latter were intercrossed to generate Rbm24 −/− ; p53
and Rbm24 −/− ; p53 −/− mutant mice. All animals were housed at the University of California at Davis CLAS vivarium facility. The animal use protocols were approved by the University of California at Davis Institution Animal Care and Use Committee.
To generate MEFs, mice were bred and MEFs were isolated from 13.5-day-old embryos as described previously [44] . Primary MEFs were cultured in DMEM supplemented with 10% fetal bovine serum.
Cell culture and cell line generation H1299, RKO, MCF7, HCT116, and p53-null HCT116 were cultured in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (Hyclone). The cell lines that inducibly express Rbm24 or HA-tagged Rbm24 were used and cultured as previously reported [7] .
Rbm24 knockout cell lines were generated by CRISPRcas9 genome editing method. sgRNAs targeting RBM24 were designed using the CRISPR design tool (http://tools. genome-engineering.org) and cloned into the BbsI sites of CRISPR vector pSpCas9(BB)-2A-Puro. Two specific gRNAs were used: gRNA #1 GTACACCAA-GATCTTCGTCG and gRNA #2 CGAGGTCTTCGGC-GAGATCG. The construct was transfected to MCF7, HCT116 and p53 −/− HCT116 cells. Rbm24-KO cell lines were selected with puromycin and confirmed by sequence.
Histology and TUNEL assay
Embryos at different stages of development were fixed in buffered formalin (pH 6.8-7.0) for 24 h and then stored in 70% ethanol. Tissues were paraffin-embedded and sectioned. Six-μm-thick sections were deparaffinized, rehydrated, and then stained with hematoxylin and eosin. TUNEL assay was performed with histological specimen fixed in formalin. TUNEL reaction mixture (Roche) was added to the surface of the sections and incubated for 1 h at 37°C in a humidified atmosphere in the dark. All cells were counterstained with DAPI to visualize nuclei.
RNA interference
Scramble siRNA (GGCCGAUUGUCAAAUAAUU), siRNA against human Rbm24 (CACUGGAGCUGCAU ACGCA) and siRNA against mouse Rbm24 (CACUG-GAGCCGCCUACGCU) were purchased from Dharmacon (Chicago, IL). For siRNA transfection, siLentFectTM Lipid Reagent (Bio-Rad) was used according to the user's manual. For lentiviral production, lentiviral vectors (pLKO.1-puro) expressing an shRNA of interest were purchased from Sigma. The targeting sequences are 5′-CGCTGAG-TACTTCGAAATGTC-3′ for control luciferase shRNA; 5′-GCGAGCAATATGTAGCTTGAA-3′ for Rbm24 shRNA#1; and 5′-CCCATCATTGATGGCA-GAAAG-3′ for Rbm24 shRNA#2. An shRNA-expression lentiviral vector (10 μg) along with packaging plasmids, pRSV-REV (5 μg), pMDL g/p RRE (5 μg), and VSVG (5 μg) were co-transfected into 293T cells (1 × 10 7 ) by ExpressFectTM transfection system (Denville Scientific) according to the user's manual. After 48 h, the supernatant containing shRNA-expressing lentiviruses was filtered and concentrated by ultracentrifugation (28,000 r.p.m. for 1 h at 4°C). The concentrated lentiviral particles were then transduced into cells, followed by puromycin selection (1 μg/ml) for 72 h.
Western blot analysis and immunoprecipitation
Cell lysates suspended in 2× SDS sample buffer were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and probed with indicated antibodies. The immunoreactive bands were visualized by the enhanced chemiluminescence (Pierce) and quantified by densitometry with Software LabWorks (UVP, Upland, CA). Immunoprecipitation assay was performed as previously described [45] . Briefly, cells were lysed in 0.2% Triton lysis buffer (25 mM Tris (pH 7.4), 25 mM NaCl, and 0.2% Triton X-100) supplemented with the proteinase inhibitor cocktail (100 μg/ml), followed by incubation with 1 μg of antibody or control IgG. The immunocomplexes were brought down by protein A/G beads and subjected to western blot analysis.
S-metabolic labeling
The assay was performed as described [46] . Briefly, cells were preincubated in methionine-free DMEM for 1 h, and then labeled with 100 μCi/ml of S-labeled lysates were immunoprecipitated with 1.0 μg of anti-p53. The immunocomplexes were resolved in SDS-PAGE gel and then subjected to autoradiography.
RNA immunoprecipitation followed by RT-PCR analysis (RNA-ChIP)
RNA-chromatin immunoprecipitations (RNA-ChIP) was performed as described [47] . Cell extracts were prepared with immunoprecipitation buffer (100 mM KCl, 5 mM MgCl 2 , 10 mM HEPEs, 1 mM 1,4-Dithiothreitol (DTT), and 0.5% NP-40) and then incubated with 2 μg of anti-HA, antieIF4E, or an isotype control IgG at 4°C overnight. The RNA-protein immunocomplexes were brought down by protein A/G beads, followed by RT-PCR analysis.
RNA electrophoretic mobility shift assay p53 probes were created and RNA electrophoretic mobility shift assay (REMSA) were performed as described previously [11] except that GST-RBM24 proteins were used.
Polysome profile analysis
Polysome profile was performed as described [11] . Briefly, HCT116 cells were uninduced or induced to express Rbm24 for 24 h, treated with 0.1 mM cycloheximide for 30 min, and then lysed in a buffer containing 0.5% NP40, 0.1 M NaCl, 10 mM MgCl 2 , 2 mM DTT, 50 mM Tris-HCl (pH 7.5), 200 U/mL SUPERase·In, 100 μg/mL cycloheximide, and 200 μg/mL heparin. Nuclei were precipitated at 10,000g for 10 min. The resulting supernatants were layered on a 15-45% (w/v) sucrose gradient containing 0.15 M NaCl, 5 mM MgCl 2 , and 25 mM Tris-HCl (pH 7.5), and centrifuged in a SW40 rotor (Beckman Coulter) at 35,000 r. p.m. for 140 min. Gradients were analyzed by using ISCO fractionator with UV 254nm detector, and RNAs were extracted from RNA-protein complexes with phenol-chloroform-isoamyl alcohol and recovered by ethanol precipitation. One microgram of total RNAs from each fraction was used for RT-PCR to detect p53 and actin transcripts. The primers to amplify p53 were 5′-CCCAGCCAAAGAAGAAACCA-3′ and 5′-GTTCCAAG GCCTCATTCAGCT-3′. The primers to amplify actin were 5′-CTGAAGTACCCCATCGAGCACGGCA-3′ and 5′-GGATAGCACAGCCTGGATAGCAACG-3′.
Luciferase assay
A dual luciferase assay was performed in triplicate according to the manufacturer's instructions (Promega). Briefly, HCT116-RBM24 −/− cells were plated at 50,000 cells/well in a 24-well plate and allowed to recover overnight. Cells were then co-transfected with 500 ng of pGL3 reporter vector (which contains firefly luciferase, Renilla luciferase, and p53 5′UTR) along with pcDNA3 or a pcDNA3 vector expressing Rbm24. Thirty-six hours post transfection, luciferase activity was measured with the dual luciferase kit and Turner Designs luminometer. The fold increase in relative luciferase activity is a product of the luciferase activity induced by Rbm24 divided by that induced by empty pcDNA3 vector.
Colony formation assay
Wild-type, Rbm24 −/− , p53 −/− , and p53 −/− ;Rbm24 −/− HCT116 cells (1000 per well) in six-well plates were cultured for 13-17 days. The clones were fixed with methanol/ glacial acetic acid (7:1) and then stained with 0.1% of crystal violet [48] .
